The total bacterial community of an experimental slow sand filter (SSF) was analyzed by denaturing gradient gel electrophoresis (DGGE) of partial 16S rRNA gene PCR products. One dominant band had sequence homology to Legionella species, indicating that these bacteria were a large component of the SSF bacterial community. Populations within experimental and commercial SSF units were studied by using Legionella-specific PCR primers, and products were studied by DGGE and quantitative PCR analyses. In the experimental SSF unit, the DGGE profiles for sand column, reservoir, storage tank, and headwater tank samples each contained at least one intense band, indicating that a single Legionella strain was predominant in each sample. Greater numbers of DGGE bands of equal intensity were detected in the outflow water sample. Sequence analysis of these PCR products showed that several Legionella species were present and that the organisms exhibited similarity to strains isolated from environmental and clinical samples. Quantitative PCR analysis of the SSF samples showed that from the headwater sample through the sand column, the number of Legionella cells decreased, resulting in a lower number of cells in the outflow water. In the commercial SSF, legionellae were also detected in the sand column samples. Storing prefilter water or locating SSF units within greenhouses, which are often maintained at temperatures that are higher than the ambient temperature, increases the risk of growth of Legionella and should be avoided. Care should also be taken when used filter sand is handled or replaced, and regular monitoring of outflow water would be useful, especially if the water is used for misting or overhead irrigation.
Filtration with slow sand filters (SSF) has a long history of successful use for removing human pathogens during drinking water production (22, 46, 49) but has only recently been introduced into horticultural production systems (62) . Contaminated irrigation water has long been recognized as an important source of plant pathogens and can be instrumental in disease spread in commercial horticultural nurseries (9) , and SSF filtration shows great promise for control of fungal plant pathogens (62) . An SSF relies on physical, chemical, and biological activity for controlling plant pathogens (12, 28, 45, 54, 55, 60, 61) . To characterize the microorganisms involved in the suppression of fungal plant pathogens in several agricultural crops, PCR amplification of the 16S rRNA gene has great potential (40, 48, 63) . This technique can be used at a general level to detect all bacteria with universal primers, or with more specific primers it can be used to detect specific bacterial groups, such as species. In a study of the total bacterial community in which PCR-denaturing gradient gel electrophoresis (DGGE) analysis of fragments from the 16S rRNA genes was used, a sequence with similarity to the Legionella cherrii sequence was found in the sand column of an experimental SSF unit (L. A. Calvo-Bado, T. R. Pettitt, N. Parsons, G. M. Petch, J. A. W. Morgan, and J. M. Whipps, submitted for publication), and this finding initiated the present study.
Legionella species are aerobic, non-spore-forming, typically flagellated, gram-negative, rod-shaped bacteria (14) . They are ubiquitous in aquatic environments and have been found in environmental samples, such as interstitial water (39) and groundwater (41) . In humans, Legionella pneumophila can cause Legionnaires' diseases and Pontiac fever (26, 27) . In addition, there are other Legionella species that have been implicated in pneumonia which have been isolated from environmental and hospital patient samples (23) . There are currently 42 described species representing at least 64 serogroups in the family Legionellaceae and the genus Legionella (7) . Legionella species grow in water at temperatures between 20 and 50°C at pHs ranging from 2.0 to 9.5, and optimal growth occurs at 37°C. Legionella species generally occur in low numbers in such aquatic habitats, but under certain environmental conditions the number of these organisms can increase, causing outbreaks of disease. In general, an infection is contracted by inhalation of contaminated water containing Legionella cells in aerosols. Some sources of transmission which have led to outbreaks of disease have been reported to be cooling towers, natural hot spas, evaporative condensers, hot and cold water systems in hotels and hospitals, showers, soil and potting soil, a whirlpool bath, and protozoans (1, 11, 18, 19, 31, 35, 36, 44, 47, 50, 51) .
The aim of this study was to characterize the Legionella populations present in an experimental SSF unit during the filtration process and in filters on commercial farms. PCR amplification was used as the main characterization method, as it allowed accurate analysis of the diversity of bacteria present and detected nonculturable bacteria and quantitative PCR allowed the relative abundance of Legionella DNA in samples to be determined.
MATERIALS AND METHODS
SSF unit and samples. The SSF rig used has been described elsewhere (CalvoBado et al., submitted). Briefly, three replicate experimental SSF rigs were constructed, and these rigs were supplied from a common source of untreated water. The filters were made by using 3 m of 160-mm-diameter polyvinyl chloride pipe (Terain Ltd., Hampshire, United Kingdom). The water flow (0.15 m h Ϫ1 ) from each filter was regulated by using a 0.25-in. straight Wade coupling needle valve inserted into the end of a 40-mm-diameter pipe. Each column was constructed with a sand depth of 1 m and a 1.5-m head of water above the sand. In this system, water flow through the column was gravity assisted. Water was pumped to the top of the column (headwater) from a tank containing untreated reservoir water (300 liters) at a continuous rate (1 liter min Ϫ1 ); the untreated reservoir water was obtained from a large storage tank containing water from a reservoir. This storage tank was refilled with water from the reservoir weekly. An overflow pipe was used to maintain the water level, and the water from this pipe was pumped back to the tank containing the headwater via an overflow sump (50 liters). The sand used in all experiments was an autoclaved fine washed plasterer's sand obtained in southwest Hampshire, United Kingdom (New Milton Sand and Ballast Co.) as recommended by Visscher et al. (56) for drinking water filter sand. Sand and water samples were removed via inspection hatches or through a series of ports mounted at 100-mm intervals in the column. In this experiment, two SSF runs were carried out, each with three replicate SSF columns for a minimum of 4 weeks. Each water sample was taken with a replicate. Water samples were obtained from the reservoir, the storage tank, the headwater tank, and the outflow water. Sand samples were taken from surface, the top (1 cm), the middle (50 cm), and the bottom (80 cm) of the sand column. In addition, samples were obtained from a series of commercial sand filters in operation in the United Kingdom horticulture industry; the characteristics of these filters are described in Table 1 .
DNA isolation. Briefly, for each water sample, 1 liter of water was taken from the reservoir, the storage tank, the headwater tank, or the outflow. The water samples were filtered (pore size, 0.22 m; GV-Durapore; Millipore Ltd., Watford, United Kingdom), and the cells were washed off the filter surface with 5 ml of sterile water. Each sample was centrifuged at 13,000 ϫ g for 20 min, and the pellet was saved. Sand samples (0.5 g, wet weight) from different depths in the SSF columns (top layer [1 cm], middle layer [50 cm] , and bottom layer [80 cm]) were taken 1, 2, and 4 weeks after the columns were loaded with sand. To each cell pellet or sand sample, 1 ml of extraction buffer (0.12 M Na 2 HPO 4 , pH 8.0) and 1/3 volume of 0.1-mm-diameter glass beads (BioSpec Products Inc., Bartlesville, Okla.) were added. The sample was shaken vigorously for 3 min in a mini bead beater (BioSpec Products Inc.). Immediately, 0.1% (wt/vol) sodium dodecyl sulfate was added, and the sample was homogenized and placed on ice for 10 min. One milliliter of phenol (pH 8.0; Sigma, Cambridge, United Kingdom) was added, and the sample was centrifuged at 5,000 ϫ g for 15 min. The supernatant containing the DNA was recovered, and 1 ml of chloroform-isoamyl alcohol (24:1) was added to the DNA suspension. After mixing, the sample was centrifuged at 5,000 ϫ g for 15 min, and the aqueous phase was saved. To this phase, 0.6 volume of isopropanol and 0.1 volume of 5 M NaCl were added. The sample was centrifuged at 13,000 ϫ g for 30 min, and the pellet was washed with 70% (vol/vol) ethanol. The pelleted DNA was air dried for 10 to 15 min and resuspended in 100 l of sterile water. The DNA was further purified by using a Geneclean spin kit (Bio 101 Inc., Nottingham, United Kingdom) according to the manufacturer's recommendations. The DNA from the sample was finally eluted in 50 l, stored at Ϫ70°C, and analyzed by agarose gel electrophoresis to estimate the yield. Appropriate dilutions were made for PCR amplification.
PCR amplification. For analysis of the total bacterial community, the V3 region (38) of the 16S rRNA-encoded gene between positions 341 and 534 (Escherichia coli numbering [15] ) was amplified by PCR. The primers used were forward primer 341 with 40 GC-rich bases (5Ј-CGCCCGCCGCGCGCGGCGG GCGGGGCGGGGGCACGGGGGGCCTACGGGAGGCAGCA-3Ј) and reverse primer 534 (5Ј-ATTACCGCGGCTGCTGG-3Ј). For Legionella species, a seminested PCR specific for the bacterial 16S rRNA gene was used (37) . Forward primer LEG-225 (5Ј-AAGATTAGCCTGCGTCCGAT-3Ј) and reverse primer LEG-858 (5Ј-GTCAACTTATCGCGTTTGCT-3Ј) were used for the initial PCR step, and they amplified a 654-bp fragment. For the second PCR step, forward primer LEG-448 (5Ј-GAGGGTTGATAGGTTAAGAGC-3Ј) and primer LEG-858 were used, and they amplified a 430-bp fragment. These primers were located at positions 225 to 244 and 880 to 859 (E. coli numbering [15] ). For DGGE analysis, PCR amplification with primers LEG-448 GC clamp (5Ј-CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGGGAGG GTTGATAGGTTAAGAGC-3Ј) and LEG-858 was used to obtain a 470-bp fragment. In addition, a GC clamp was also added to reverse primer LEG-858, which was used in combination with LEG-448 to assess variation in the DGGE banding patterns. Routinely, 10 to 50 ng of DNA template, 25 pmol of each primer, a deoxynucleoside triphosphate mixture containing each deoxynucleoside triphosphate at a concentration of 20 mM, 1.25 U of thermostable DNA polymerase, 10ϫ reaction buffer, and 1.5 mM MgCl 2 (Advance Biotechnologies, Surrey, United Kingdom) were used in a 100-l (final volume) reaction mixture. For the initial PCR (with LEG-225 and LEG-858), one cycle of 95°C for 90 s followed by 30 cycles of 95°C for 10 s, 64°C for 60 s, and 72°C for 60 s and a final extension cycle of 72°C for 5 min was performed. For the second step (with LEG-448 and LEG-858), one cycle of 95°C for 90 s followed by 20 cycles of 95°C for 30 s, 66°C for 60 s, and 72°C for 60 s and a final extension cycle of 72°C for 5 min was used. The PCR products were analyzed by agarose gel electrophoresis to determine the yield and purity. For DGGE analysis, the 430-bp fragment was excised from the gel and purified with a QIAquick gel extraction kit (Qiagen, West Sussex, United Kingdom). A further PCR amplification (with LEG-448 GC clamp and LEG-858) in which DNA from the 430-bp purified fragment was used as a target was performed as follows: one cycle of 95°C for 90 s, followed by 35 cycles of 95°C for 30 s, 66°C for 60 s, and 72°C for 60 s and a final extension cycle of 72°C for 10 min.
DGGE. DGGE analysis was performed by using a DCode mutation detection system (Bio-Rad, Hertfordshire, United Kingdom). Gels containing 8% (wt/vol) acrylamide (ratio of acrylamide to bisacrylamide, 37:1) were formed between 10 and 60% denaturant, with 100% denaturant defined as 7 M urea and 40% (vol/vol) formamide (38) . The acrylamide gels were polymerized by adding 0.15% tetramethylethylenediamine and 0.03% ammonium peroxodisulfate (from a 10% [wt/vol] stock solution). Linear denaturant gradients were constructed with a gradient maker (BDH, Leicestershire, United Kingdom) by using a 16-cm-long gel and a 1-mm gel width. Normally, 300 to 500 ng of PCR product was loaded onto each lane of a gel. The gels were electrophoresed at 60 V for 16 h and were maintained at 60°C in 7 liters of 0.5ϫ TAE buffer (40 mM Tris-acetate, 1 mM EDTA; pH 8.0). The gels were stained for 20 min with distilled water containing 25 l of ethidium bromide (10 mg ml Ϫ1 ) and washed with distilled water for 20 min prior to visualization. A set of seven laboratory strains (Agrobacterium rhizogenes, Arthrobacter polychromogenes, Bacillus subtilis, Burkholderia phenazinium, Paenibacillus amylolyticus, Pseudomonas fluorescens, and Sphingomonas yanoikuyae) was used to construct a standard marker for DGGE analysis.
Quantitative PCR. Quantitative analysis of Legionella cell numbers based on DNA concentrations in SSF samples was performed by real-time quantitative PCR with SYBR green. Amplification was performed with the ABI Prism 7900HT sequence detection system (Perkin Elmer-Applied Biosystems, Warrington, United Kingdom) and a Quantitect SYBR green PCR kit (Qiagen). The PCR was performed as follows: one cycle of 50°C for 2 min and 95°C for 15 min, followed by 40 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 60 s. A final step of 95°C with a 2% ramp rate for melting curve analysis was included. Data were collected at each step, as well as the ramp up to 94°C. Each 50-l reaction mixture contained 25 l of 2ϫ Quantitect SYBR green PCR master mixture, 0.67 M primer LEG-448, 0.67 M primer LEG-858, and 2 l of DNA. The standard curve was generated by using fivefold dilutions (800 pg to 51.2 fg) of purified (Qiagen) chromosomal DNA from a pure culture of L. pneumophila (a gift from C. Winstanley, Department of Medical Microbiology and GenitoUrinary Infections, University of Liverpool, Liverpool, United Kingdom). Each Ϫ2 dilution for water samples and two at a 10 Ϫ2 dilution and two at a 10 Ϫ3 dilution for sand bed samples. Standard curves relating the threshold cycle to the log 10 DNA concentration and the DNA concentration of unknown samples were generated with the ABI Prism 7900HT software. The detection threshold was adjusted manually to give the largest R 2 value possible for the standard curve and a gradient closest to Ϫ3.32, which represents 100% efficiency. The amounts of Legionella DNA present in samples were calculated, and the numbers of cells present were estimated (5) .
Cloning and sequencing. The PCR products were cloned into pGEM-T Easy Vector System I (Promega, Southampton, United Kingdom) by following the manufacturer's instructions. The DNA was electroporated into Escherichia coli DH10B electrocompetent cells (Invitrogen-Life Technologies, Paisley, United Kingdom) by using a field strength of 12.5 V cm Ϫ3 . The transformed cells were plated onto Luria-Bertani agar (Merck, Leicestershire, United Kingdom) containing 50 g of ampicillin per ml and 40 g of 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal) per ml. The plates were incubated at 37°C overnight, and white colonies were isolated. To confirm the success of cloning and selection of clones for sequencing, direct PCR amplification from colonies with primers LEG-448 GC clamp and LEG-858 followed by DGGE analysis was carried out. For selected colonies, plasmid DNA was extracted from the cultures with a Qiagen 8 Ultra Plasmid kit (Qiagen). Sequencing reactions with mixtures (20 l) containing 2 l of plasmid DNA (250 ng l Ϫ1 ), 6 l of an ABI PRISM BigDye terminator cycle sequence Ready Reaction kit (Perkin Elmer-Applied Biosystems), 3.2 l of the SP6 promoter primer (1 pmol l Ϫ1 ; Promega, Madison, Wis.), and 8.8 l of distilled sterile water were performed with a Hybaid PCR MultiBlock system (Hybaid Ltd., Middlesex, United Kingdom). Standard PCR sequencing reaction conditions were used according to the manufacturer's recommendations. The products were analyzed with an ABI PRISM 377 DNA cycle sequencer (Perkin Elmer-Applied Biosystems).
Sequence data analysis. All sequences were edited and assembled by using the DNAstar SeqMan II sequence analysis package (Lasergene Inc., Madison, Wis.). Sequences were compared to sequences in the Ribosomal Database Project II (http://rdp.cme.msu.edu/html/) (34) and EMBL DNA databases by using Fasta 3 (http://www.ebi.ac.uk/embl/index.html) (52) . Multiple sequences were analyzed by using the PHYLIP SEQBOOT, DNADIST, and NEIGHBOR packages as described by Ludwig et al. (33) . Multiple data sets were used (n ϭ 1,000), and a number of dendrograms were compared. Results were viewed by using DRAW-TREE. The dendrogram shown is representative of the dendrograms obtained.
Nucleotide sequence accession numbers. The sequences determined in this study have been deposited in the EMBL database under accession no. AJ512248 to AJ512274. The accession numbers for the sequences used for comparison in this study are as follows: Legionella anisa, Z32635; Legionella birminghamensis, Z49717; Legionella cherrii, Z49720; Legionella erythra, Z32638; Legionella gresilensis, AF122883; Legionella lytica comb. nov., X66835; Legionella (Tatlockia) maceachernii, AF227161; Legionella parisiensis, U59697; Legionella pneumophila, AF129524; Legionella quinlivanii, Z49733; Legionella wadsworthii, Z49738; strain LLAP-1, U64034; strain LLAP-2, U44909; and strain LLAP-9, U44911.
RESULTS AND DISCUSSION
PCR detection of Legionella. The total bacterial population in sand extracted from the SSF unit was profiled by using universal primers and DGGE profiling. Sequence analysis of visible bands identified a range of bacteria that were present (Calvo-Bado et al., submitted); however, one band showed sequence similarity (95% identity over 194 bp) to L. cherrii (Fig. 1) . In one sample this band was a major band representing approximately 5% of the total PCR product; in the other samples this band was detected and indicated that Legionellalike bacteria were present at levels that were higher than expected. Therefore, a detailed analysis of this group of bacteria was initiated with specific PCR primers. The sensitivity and specificity of the seminested PCR described above were tested, and the technique produced results similar to those of Myamoto et al. (37) . DGGE analysis. Agarose gel electrophoresis indicated that a single intense 470-bp band was amplified from the gel-purified fragment used for DGGE analysis (with primers LEG-448 GC clamp and LEG-858). One or two dominant DGGE bands were obtained for the reservoir, storage tank, and headwater tank samples, as well as the top, middle, and bottom sand column samples. However, greater numbers of DGGE bands (12 to 15 bands) having the same intensity were detected in the outflow water samples, indicating that there was an increase in the diversity of the Legionella population following passage of the water through the SSF. As band position within a gel reflects a change in the melting properties of a PCR product, no inference concerning the types of changes that took place could be made as the results could reflect changes in sequence composition and also the position of a change. As none of the DGGE bands were dominant in the outflow water, no dominant strain was washed off into the water flowing through the SSF (Fig. 2) . Similar DGGE results were obtained for outflow water samples obtained in different months during the experimental run of the SSF unit. As sequence analysis of the bands indicated that the double bands observed had the same sequence, DGGE analysis with primers LEG-448 and LEG-858 GC clamp was carried out. This analysis produced the same results (data not shown); however, a single DGGE band was detected in all the samples except the outflow water samples. As the sequence analysis was carried out with products obtained by using the first primer pair, this gel is shown in Fig. 2 .
As the SSF unit was an experimental system designed to simulate industrial-size units, samples were obtained from commercial units to confirm the findings obtained with the experimental system. All six commercial filters examined were positive for Legionella and gave PCR products of the appropriate size. DGGE analysis of commercial SSF showed that one or two bands dominated the sand samples (Fig. 2) . This indicated that the occurrence of Legionella in samples was not restricted to the experimental system and that this group of bacteria is potentially widespread in the industry. As sand filters provide a surface that is conducive to the growth of Legionella, this result may not be surprising. However, the extent of colonization by a diversity of strains raised concerns about the use of SSF units for providing water that could be used for misting crops or splashed within glasshouse facilities. Although the bands were the correct size, diverse denaturing points for bands were evident. The point at which the bands are denatured can be used to tentatively determine identities with specific primers; however, suitable standards from a variety of strains were not available for this work. Therefore, sequence analysis of bands was used to confirm the identities of bands and to determine similarity to known species. Sequence analysis of the 470-bp PCR products. The PCR products from each sample were cloned and reanalyzed by PCR and DGGE analysis. For the outflow water clones, as expected, great variation in the DGGE banding patterns was observed. For the clones obtained from reservoir, storage tank, and headwater tank samples and top, middle, and bottom sand samples, bands with the same migration pattern as the bands detected in the initial samples were obtained. This confirmed the identities of the clones and suggested that one dominant but different clone was present in each sample. When the banding patterns of 40 clones were compared, at least 15 PCR products with different denaturing points were identified in the samples (Fig. 3) . Interestingly, each clone produced more than one DGGE band even though sequence analyses of the clones showed that a single clean sequence was present in every clone. This multiple-band pattern could be explained if several melting domains were present in the PCR product. The sequence next to the LEG-448 primer sequence is AT rich (Ͼ50% AT) and clamped internally by an 80% GC region. There is also an AT-rich region (70% AT) consisting of 40 bp next to the LEG-858 primer sequence. Therefore, when the clamp was added to the LEG-858 primer, it stabilized the 70% AT-rich region, but when it was added to the LEG-448 primer, a region with several melting domains (denaturing points) was produced. This could have resulted in a multiple-band pattern with one pair of primers and not with the other pair. For the outflow water, bands were separated by DGGE that had as few as 4-bp differences in the 430-bp sequence. This highlights the resolving power of DGGE analysis.
When sequences from the PCR products were compared to database entries, they exhibited the greatest similarity to 16S rRNA-encoding genes from Legionella species ( Table 2) . DNA sequence similarity to at least 10 different species of the genus Legionella was detected. In general, most of the sequences showed between 95 and 99% sequence identity to this group, and this confirmed that the PCR primers used were detecting bacteria belonging to the genus Legionella. When a phylogenetic analysis of the clones was carried out, this area of the 16S rRNA gene divided known Legionella species (Fig. 4) . L. lytica, L. pneumophila, and L. parisiensis grouped together separate from L. birminghamensis, L. erythra, L. quinlivanii, L. maceachernii, and L. micdadei. Within the groups, subgroups containing Legionella-like amoebal sequences were also present. Since only partial sequences (430 bp) could be used, the analysis was limited. However, this type of analysis allows comparisons of sequences to each other, as well as to database entries. Only two of the sequences obtained, clones ofw-27 and ofw-35, showed low sequence similarity to the genus Legionella (92.5 and 93.7%, respectively). Both of these sequences exhibited the greatest similarity to L. erythra, L. rubrilucens, and L. quinlivanii, which were isolated from water (6, 13). However, even lower levels of similarity to bacteria outside the Legionella group (e.g., Coxiella burnettii) were detected. Therefore, these sequences probably represent a distant group of Legionella-like bacteria that are not closely associated with members having known 16S rRNA sequences. In the SSF, L. parisiensis and L. maceachernii-like sequences were found in reservoir, storage tank, and headwater tank samples and top, middle, and bottom sand samples. These Legionella species were likely to be present at low levels in the storage tank or reservoir water as this was the only source for introduction of strains because the system was sterilized prior to operation. It appears that the   FIG. 2 . Ethidium bromide-stained DGGE gel (negative image) of PCR products amplified by using the Legionella-specific LEG-448 GC clamp and LEG-858 primers for the 16S rRNA genes. Samples were taken from experimental and commercial SSF units. Lanes 2 to 8 show the changes within the Legionella populations in the sand column and water samples in the experimental SSF unit (SSF-1). Lanes 9 to 18 show comparative DGGE banding patterns obtained from the top layer sand column samples from the experimental system (SSF-1) and six commercial farms (SSF-2 to SSF-18 strains colonized the sand column of the SSF, where one of them may have been dominant in any particular part of the population. L. parisiensis and L. maceachernii were originally isolated from water from a cooling tower and a potable water cistern-home evaporator and appear to be well suited to the SSF environment according to our results (13) . Originally, a 194-bp PCR-DGGE fragment corresponding to an L. cherriilike sequence was identified in the sand column samples of this SSF unit by using universal bacterial primers. However, this study showed that the small PCR fragment corresponded to an L. parisiensis sequence. Analysis of the 16S rRNA-encoded genes for these species showed that L. cherrii and L. parisiensis have 98.2% sequence similarity and are closely related (data not shown). The larger sequence obtained with the Legionellaspecific primers indicates that the bacteria present had a 16S rRNA gene more like that of L. parisiensis.
Diverse sequences were obtained from the outflow water sample, reflecting the diversity of the DGGE bands seen on the gel. Two sequences (ofw-28 and ofw-34) showed high levels of similarity (99.0 and 99.3% identity, respectively) to a Legionella-like amoebal human pathogen, LLAP-1 (43) . LLAP-1 was originally isolated in 1981 from the host Acanthamoeba polyphaga from a tank of a portable water well that has been associated with outbreaks of Legionnaires' disease (2). The ofw-37 sequence exhibited 96.7% similarity to sequences of L. lytica, LLAP-2, LLAP-6, and LLAP-9, which were also isolated from Acanthamoeba hosts in water samples (10) . Legionella species proliferate inside free-living amoebae in natural environments, including Acanthamoeba spp., Hartmanella spp., and Naegleria spp. (3, 16, 17, 20, 24, 25, 42, 43, 59 ). These amoebae are potentially pathogenic to humans. Protozoans such as flagellates, ciliates, and amoebae are common in SSF (21, 28) . However, a comprehensive investigation of the diversity of protozoans in SSF has not been carried out. PCR primers specific for Acanthamoeba spp. have been developed for preliminary tests with some SSF samples. In all of our samples that were tested, positive results were obtained (data not shown). This is not surprising based on the large number of sequences associated with protozoans and some of the sequences described in this study. One of the potential problems of the association of Legionella and amoebae is that the amoebae can   FIG. 4 . Phylogenetic tree showing distances based on the 16S rRNA sequences obtained from 27 clones from samples from the reservoir, the storage tank, the headwater tank, the top, middle, and bottom sand column layers, and outflow water from the experimental SSF unit. Sequences of the 16S rRNA genes of Legionella strains used for comparison in this study were retrieved from the EMBL DNA database (52) . The 16S rRNA sequences obtained in this work are partial sequences (430 bp), and therefore their positions are indicated by dashed lines. The dendrogram was generated by using the programs DNASIST (maximum likelihood) and NEIGHBOR (neighbor joining). Scale bar ϭ 0.1% estimated sequence divergence. Resampling (bootstrap analysis) was applied to the data, and the values obtained (percentages) are indicated at the nodes. (8) . This makes disinfection particularly difficult.
Other sequences with similarity to the sequences of a variety of Legionella species, such as L. micdadei, associated with human pneumonia (30) , were evident in the outflow water in our experimental SSF. These results confirm that processing the water through the sand column increased the diversity of strains in the outflow water. Of 27 clones sequenced, only 2 exhibited similarity to strains found in the reservoir, the storage tank, the headwater tank, and the sand column. The rest of them were unique in the outflow water sample. An increase in diversity is not unique to the experimental system used here, as diverse DGGE bands were detected in the outflow water of a commercial unit operated at the Horticulture Research International Efford site (data not shown). Although DGGE bands from this second unit have not been sequenced, all the data which we have for this type of PCR product indicate that only genes similar to those in Legionella sequences are amplified. The increase in diversity in the outflow water may have resulted from removal of a dominant strain from the reservoir water, so that the underlying diverse strains that were present were then detected. Alternatively, the filter may have allowed the growth of less dominant strains, which were then washed off into the outflow water and detected. The sand column in the SSF provides a large surface for colonization by bacteria. High ATP contents, particularly in the top layer of the experimental SSF unit, were detected, and this indicated that a good biofilm had developed (Calvo-Bado et al., submitted). A diverse population could live on this surface, and organisms such as protozoans that harbor Legionella could develop. Little is known about changes in Legionella populations in environmental samples, particularly samples from filtration processes or from recycling of sewage. In the SSF unit described here, Legionella seemed to be ubiquitous, and a variety of strains did well in the system. With such diverse bacteria, including some with sequences with similarity to the sequences of known pathogens, it is likely that the bacteria present included some that were a potential risk to workers in the environment. Since infection studies are not possible, determining similarity to organisms isolated from humans is the best that can be done to address this question.
Quantitative PCR. In order to estimate the numbers of cells in the SSF samples, the amounts of Legionella DNA in the samples were determined. A quantitative PCR approach was used with an ABI Prism 7900HT sequence detection system. The standard curve for L. pneumophila DNA gave a good R 2 value (0.99) and a gradient of Ϫ3.61, indicating that the PCR was efficient and reproducible. The presence of contaminants in DNA from environmental samples can cause PCR inhibition, autofluorescence, or quench fluorescence. These effects can be problematic for quantitative PCR. In order to overcome these potential problems, a DNA dilution series of the samples was prepared by using the recommendations of Stults et al. (53) , who used this method to accurately quantify DNA from Geobacter spp. in aquifer sediments. The results obtained with Legionella primers showed that 10-fold dilution of DNA resulted in a 10-fold reduction in the quantity of target DNA detected in a manner identical to that observed with the pure L. pneumophila DNA standard. This indicated that there were no major inhibitors in the sample that were diluted out at the lower dilution. The results used were averages of four readings, which were used to calculate the amounts of DNA in the samples. The measurements were transformed into the number of cells by assuming that each Legionella cell contains 4.3 fg of DNA (5) . Table 3 shows the sizes of the Legionella populations based on the DNA detected in the SSF samples from the experimental unit and commercial farms by real-time PCR. This experiment showed that only a few Legionella cells were present in the initial reservoir water (3.1 ϫ 10 3 cells liter of water Ϫ1 ). The concentrations were higher in the storage tank and headwater tank operating prior to filtration (2.3 ϫ 10 3 to 4.7 ϫ 10 6 cells liter of water Ϫ1 ). This was probably a result of the conditions used, as storage of water at temperatures greater than 20°C is known to carry a risk of increasing Legionella contamination in horticultural systems (29) . However, it was necessary to run the system as described above to maintain a realistically constant head pressure on the SSF. In addition, Legionella has complex nutritional requirements, which include a requirement for large amounts of iron (25) . During the experiments, high pH values (pH 7.5 to 8.5) were detected in the water from the headwater tank, and brown-ochre particles were observed in suspension; such particles were also found subsequently on the top surface of the sand column. This could have been mainly due to oxidation of the iron frame holding the pumps in the headwater tank. This source of iron may have resulted in increased Legionella levels in this sample and the top surface of the sand column (6.1 ϫ 10 5 to 3.9 ϫ 10 6 cells g of sand Ϫ1 ) (Table 3) . Nevertheless, after the water was passed through the sand column, a reduction in the size of the Legionella population was detected (4.4 ϫ 10 4 to 5.5 ϫ 10 4 cells liter of water Ϫ1 ). A reduction in the concentration was also observed in the sand itself; the populations were larger in the top layer (2.3 ϫ 10 5 to 3.9 ϫ 10 6 cells g of sand Ϫ1 ), and they decreased with depth in the sand column (1.5 ϫ 10 4 cells g of sand Ϫ1 ). In this way the sand filter itself was beneficial for removal of Legionella. However, in the way that the model system was operated, the increase in the Legionella population prior to filtration resulted in no overall difference between the starting reservoir water levels and the outflow water levels. The results indicate that the prefiltration water and the sand in the SSF pose the greatest risk of Legionella contamination. To determine if the accumulation of Legionella cells in the experimental SSF system was unique and a result of its scale or operation, sand samples from six commercial SSF units were assessed to quantify Legionella DNA. All sand samples were positive, and high DNA concentrations and predicted cell numbers were detected in most of them (Table 3) . We therefore anticipate that most SSF are colonized with Legionella species and should be treated with care. A disinfection procedure prior to removal of the sand from the filter is recommended, since the numbers of Legionella cells within the sand are likely to be high. Although the outflow water from the experimental system was shown to contain slightly fewer Legionella cells, it is also recommended that such water should be monitored regularly for Legionella in commercial systems, especially if the water is to be used for misting.
Direct detection of Legionella by PCR circumvents problems associated with the culturability of the organisms on standard microbiological media. Dilution plate counting for Legionella carried out by the Public Health Laboratory Service (Coventry and Warwickshire Hospital, Coventry, United Kingdom) with standard procedures gave values below those obtained from PCR results. A 20-fold difference between the quantitative PCR estimate and the number of CFU was obtained. This difference is consistent with results of other experiments (57) . The results of plate analysis are also commonly presented as numbers of CFU for L. pneumophila serogroup I. When specific L. pneumophila mip gene primers (32) were used with SSF samples, no PCR products were obtained. However, as expected, a positive 186-bp PCR fragment was detected by using purified DNA from a pure culture of L. pneumophila (a gift from C. Winstanley). These results indicated that the level of L. pneumophila, if the organism was present, was below the limit of detection (data not shown). Sequence analysis of the PCR products indicated that the strains that were present in the SSF showed similarity to isolates that are termed serogroup I isolates. However, the sequences did not exhibit the greatest similarity to L. pneumophila 16S rRNA. In this way the standard dilution plate count method could detect strains other than L. pneumophila, and such strains are likely to dominate similar samples. The colonies of these organisms may or may not react with the L. pneumophila-specific antiserum. The dilution plate count results should also be interpreted as underestimates of the true numbers of Legionella cells present.
A melting curve analysis of the final PCR products was also carried out at the end of the quantitative PCR; the amount of fluorescence was measured while the temperature of the sample was slowly increased to 95°C. Since SYBR green binds only to double-stranded DNA, a sharp decrease was observed when the product melted. When the rate of the decrease in fluorescence was plotted against temperature, a sharp peak was visible, which represented the melting temperature of the PCR product. The analysis of the melting curve for all samples and standards showed a single peak, indicating the absence of nonspecific products, such as primer dimers. Interestingly, the melting temperature of the products as judged by the position of the peak varied from sample to sample. This indicates that slightly different Legionella species predominated in the different samples. This agrees with the results of DGGE analysis and sequencing, in which products had different melting points and sequences. Melting temperature analysis could provide a useful indicator of the types of legionellae present in samples and complement further analysis. SSF represent a potentially useful system in which fungal plant pathogens can be suppressed by microbial activity. As these systems are open and uncontrolled, they also represent a source of potentially harmful bacteria. As Legionella species are human pathogens known to be suited to the aquatic environment, it is not surprising that they are detected in the SSF system. It is their high levels and dominance within the total bacterial population in the system that are most surprising and raise health concerns. A regular maintenance and disinfection system is required, along with suitable operating procedures. In addition, monitoring of filtered water (outflow water) should be adopted for these systems. Since the outflow water is used in irrigation systems and for misting plants, this system is an ideal dispersal system for Legionella, and the potential hazards should be taken seriously. With suitable operating procedures in place, SSF systems should not represent a greater risk than the initial water flowing in. Operation of an SSF within a glasshouse at a temperature higher than the ambient temperature allows better colonization by Legionella and results in greater risk. In the 1990s it was widely thought that temperatures greater than 15°C were required for effective SSF function against fungal plant pathogens (4, 58). However, it has been demonstrated that SSF are effective against Phytophthora, Pythium, and Fusarium spp. at operational temperatures down to 2°C (T. R. Pettitt and M. F. Wainwright, unpublished data). Therefore, it may be better to operate horticultural sand filter units outside glasshouses at lower ambient temperatures.
